Exposure to drugs of abuse lead to both rewarding effects and the subsequent development of negative affects. The progressive dysregulation of both processes is thought to critically contribute to the addictive state. Whereas cocaine-induced maladaptations in reward circuitry have been extensively examined, the cellular substrates underlying negative affect remain poorly understood. This study focuses on the central nucleus of the amygdala (CeA), a brain region that has been implicated in negative affective states upon withdrawal from chronic cocaine use. We observed that the two major types of CeA neurons, low-threshold bursting (LTB) neurons and regular spiking (RS) neurons, exhibited different sensitivity to corticotrophin-releasing factor (CRF), a stress hormone that has been implicated in negative affect during drug withdrawal. Furthermore, LTB and RS neurons developed opposite membrane adaptations following shortterm (5 day) cocaine self-administration; the membrane excitability was increased in LTB neurons but decreased in RS neurons. These short-term exposure-induced effects were transient as they were present on withdrawal day 1 but disappeared on withdrawal day 21. However, extended exposure (21 day) led to sustained increase in the membrane excitability of LTB neurons such that it lasted over 21 days into the withdrawal period. These results suggest that CeA neurons can be a cellular target for cocaine to reshape the circuitry mediating negative affects during withdrawal, and that the long-lasting cellular alterations in selective subpopulations of CeA neurons may lead to unbalanced CeA processing, thus contributing to the progressive aggravation of negative affective states during withdrawal from chronic cocaine exposure.
INTRODUCTION
Following exposure to drugs of abuse, chronic drug users often experience initial drug-induced euphoric effects, followed by withdrawal-associated negative affective states, such as dysphoria, stress, anxiety, and depression (Anthony et al, 1989; Williamson et al, 1997) . Withdrawal-associated negative affect is often modest and likely reversible after short-term drug exposure, but becomes strong and likely irreversible after extended exposure (Koob, 2009 ). Both animal work and theoretical analyses suggest that withdrawal-associated negative affective states may serve as a mechanism independent of, but complementary to, the positive reinforcing effects of drugs of abuse to promote drug seeking (Koob, 2008; Koob and Le Moal, 1997; Solomon and Corbit, 1974) . Despite the apparent theoretical and clinical significance, the molecular and cellular mechanisms underlying withdrawal-associated negative affective states remain poorly understood. The present study examined cocaine-induced alterations in the central nucleus of the amygdala (CeA), a brain region that has been critically implicated in the regulation of negative affective states typically experienced during withdrawal or prolonged drug use (Funk et al, 2006; Heinrichs et al, 1995; Shibata et al, 1982; Wenzel et al, 2011; Xue et al, 2012) .
As an important output nucleus of the amygdala, the CeA receives convergent projections from other amygdaloid subregions and projects to the brain stem and hypothalamus for the generation of emotional and motivational responses (Pitkanen et al, 1997) . In theory, whether and how these synaptic inputs to the CeA are translated into informational outflow is determined, to a significant degree, by the intrinsic membrane excitability of CeA neurons. The membrane excitability sets the threshold for action potential (AP) initiation and determines the firing frequency once the membrane potential is driven to the threshold by synaptic input. Thus, by regulating the membrane excitability of CeA neurons, exposure to cocaine or other stimuli may reshape the functional output of the CeA to regulate the affective state. Indeed, long-term regulation of membrane excitability is a common and critical mechanism by which exposure to cocaine induces long-term alterations within the brain reward circuitry that mediates the reinforcing effects of drugs of abuse (Huang et al, 2011; Wolf, 2010) . However, it remains to be determined whether the membrane excitability of CeA neurons is a cellular target of cocaine exposure.
Here, we focused on two major types of CeA neurons, regular spiking (RS) and low-threshold bursting (LTB) neurons (Chieng et al, 2006; Dumont et al, 2002) . We observed that LTB and RS neurons responded differently to acute application of stress-response hormone corticotropinreleasing factor (CRF), suggesting that they may be differentially associated with the development of negative affective states during or after drug exposure. Indeed, following short-term (5 days) cocaine self-administration (SA), the membrane excitability was transiently decreased in RS neurons but increased in LTB neurons. In contrast, extended cocaine SA (21 days) induced persistent (4 21 days) increase in the membrane excitability selectively in LTB neurons. Thus, extended, but not limited, exposure to cocaine triggers long-lasting membrane adaptations in a selective population of CeA neurons. These results may provide a cellular basis for the long-lasting negative affective state during withdrawal from chronic cocaine use.
MATERIALS AND METHODS

Animals and Cocaine SA
Male Sprague Dawley rats were used for all experiments. The rats were purchased at 23-28-day old (Simonson or Harlan Laboratories), and were placed in the home cages for at least a week before experimentation. SA surgery was derived from Mu et al, 2010 . Briefly, a silastic catheter (B5 cm; ID 0.020 inch, OD 0.037 inch) was inserted into the right auricle through the external jugular vein, with the distal end led subcutaneously to the back between the scapulas, and connected to a Quick Connect Harness (SAI Infusion). Rats were allowed to recover for 1-2 weeks. During recovery, the catheter was flushed daily with heparin (10 U/ml, 0.1 ml) and gentamicin (5 mg/ml) in sterile saline to protect against infection and catheter occlusion.
Animals started cocaine SA training on postnatal day (PND) 35-38, 5-8 days after surgery, in operant-conditioning chambers (Med Associates). Each chamber contains an active and an inactive nose poke hole, a cocaine-infusion line controlled by a programmable syringe pump, a conditioned stimulus (CS) light in each nose poke hole, and a house light. On day 1, animals were placed in the chamber for an overnight training session on a fixed ratio (FR) 1 schedule. A nose poke in the active hole resulted in a cocaine infusion (0.75 mg/kg in 0.10 ml) and illumination of a CS light. The CS light remained on for 6 s, whereas a house light was illuminated for 20 s during which active nose pokes were counted but resulted in no further cocaine infusions. At the end of the 20 s, the house light was extinguished, and the next nose poke in the active hole resulted in another cocaine infusion. Nose pokes in the inactive hole had no reinforcement effects but were recorded. Occasionally animals were given a 2nd overnight training if they received o50 cocaine infusions during the 1st overnight training session. Thereafter, rats were allowed to self-administer cocaine for 6 h/day for 5 or 21 consecutive days on a FR1 schedule, followed by withdrawal in home cages.
CeA Slice Preparation
The rat was anesthetized with isoflurane and subsequently perfused transcardially with 4 1C cutting solution (in mM: 135 N-methyl-D-glucamine, 1 KCl, 1.2 KH 2 PO 4 , 0.5 CaCl 2 , 1.5 MgCl 2 , 20 choline-HCO 3 , 11 glucose, pH adjusted to 7.4 with HCl, and saturated with 95% O 2 /5% CO 2 ). The rat was then decapitated; the brain was removed and sliced using a Leica VT1200s vibratome in 4 1C cutting solution. Coronal slices of 250-300 mm thickness were cut such that the preparation contained the CeA. Slices were then incubated in artificial CSF (aCSF) (in mM: 119 NaCl, 2.5 KCl, 1 NaH 2 PO 4 , 1.3 MgCl 2 , 2.5 CaCl 2 , 26.2 NaHCO 3 , and 11 glucose, 290 mOsm, saturated with 95% O 2 /5% CO 2 ) at 37 1C for 30 min and then allowed to recover for 1-2 h at room temperature before electrophysiology. One slice was then transferred from the holding chamber to a submerged recording chamber, where it was continuously superfused with oxygenated aCSF maintained at 31-34 1C.
Electrophysiology
Whole-cell current-clamp recordings were preferentially made from neurons located in the medial CeA (Figure 1a -c) using a MultiClamp 700B amplifier (Molecular Device), with a K þ -based internal solution (in mM: 108 K-methanesulfonate, 20 KCl, 10 HEPES, 0.4 EGTA, 2.0 MgCl 2 , 2.5 MgATP, 0.25 Na 3 GTP, 7.5 Na 2 -phosphocreatine, 1 L-glutathione, pH 7.25-7.30; 290 mOsm). At least 5 min after achieving wholecell configuration, a current-step protocol (from À 200 to þ 400 pA, with a 50 pA increment) was run and repeated. The after-hyperpolarization potential (AHP) was sampled following the first single AP spike. For the CRF experiment, tetrodotoxin (TTX, 1 mM) was bath-applied to block voltage-gated Na þ channels after cell-type identification (LTB vs RS) and remained present as CRF (30 nM) was applied (Giesbrecht et al, 2010) . To inhibit CRF receptors, NBI 27914 (500 nM) or astressin 2B (100 nM) was bathapplied for at least 10 min before CRF application (Hahn et al, 2009) . TTX, CRF, NBI 27914, and astressin 2B were purchased from R&D Systems, and all other reagents were obtained from Sigma-Aldrich. Cocaine was provided by the Drug Supply Program at NIH NIDA.
Data Acquisition and Analysis
Numbers of cells (n) and animals (m) are presented as 'n/m'. Unless specified, 'n' as the default sample size was used in all statistics. All results are shown as mean ± SEM. One or two-factor repeated-measures ANOVA were used in most analyses. For two-factor ANOVA, factor-A was assigned for the treatments (eg, cocaine vs saline) and Factor-B was assigned for current injections. The statistical results were primarily presented in the F-and P-values of the main effect of Factor-A, which was the primary research interest. Degrees of freedom of between (b) and within (w) treatments were presented as F (b,w) . Cohen's d was calculated in some cases to determine the effect size: a value of 0.20 is interpreted as a small effect, 0.50 medium effect, and 0.80 large effect.
RESULTS
The CeA is a complex subregion of the amygdala, largely comprising the medial, lateral, and capsular divisions (Cassell et al, 1986; McDonald, 1982) . These divisions could not be readily discerned in unstained slices, but efforts were made to record neurons in the medial CeA (Figure 1a -c). Consistent with previous studies (Chieng et al, 2006; Dumont et al, 2002) , most (304 out of 329) neurons we confronted were LTB or RS neurons. Although LTB and RS neurons exhibited similar passive membrane properties, they could be distinguished by their distinct spiking patterns. Upon depolarizing current injections, LTB neurons typically initiated firing by generating spike doublets or triplets (Figure 1e ), whereas this bursting pattern was absent in RS neurons (Figure 1f ). At near threshold, LTB neurons sometimes fired a single AP followed by a prominent depolarizing after-potential (DAP), whereas the DAP was minimal in RS neurons ( Figure 1d ; Table 1 ).
The stress hormone CRF has a critical role in CeAmediated negative affect associated with drug withdrawal (Koob and Le Moal, 2008) . Two prominent ways by which CRF regulates neuronal activity in other brain regions are: (i) to depolarize the membrane potential by inducing a sustained steady-state current, and/or (ii) to enhance the hyperpolarization-activated depolarizing current (I h current) (Giesbrecht et al, 2010; Qiu et al, 2005; Wanat et al, 2008) . Focusing on these two electrophysiological parameters, we next attempted to determine whether LTB and RS neurons responded to CRF differentially. As shown in Figure 2a and b, LTB and RS neurons both responded to acute application of CRF (30 nM) by a sustained depolarizing current (across voltage range: LTB, F (1,310) ¼ 23.74, Po0.001; RS, F (1,380) ¼ 7.79, Po0.01). However, the size of the sustained current was significantly larger in LTB neurons than in RS neurons (F (1,345) ¼ 5.62; Po0.05, Figure 2a and b). Furthermore, pre-application of CRF1 receptor selective antagonist NBI 27914 (500 nM) but not CRF2 receptor antagonist (astressin 2B, 100 nM) abolished the CRF-induced sustained current in LTB neurons (compared with antagonist-only controls; NBI 27914 þ CRF: Figure 2a ). By contrast, in RS neurons, the CRFinduced sustained current was abolished by pre-application of CRF2 receptor selective antagonist astressin 2B, but not NBI 27914 (compared with antagonist-only controls; astressin 2B þ CRF: F (1,70) ¼ 0.01, P ¼ 0.92; NBI 27914 þ CRF: F (1,70) ¼ 5.87, Po0.05; Figure 2b ).
We next examined the I h current. Both LTB and RS CeA neurons exhibited the I h current at basal conditions, although the averaged amplitude appeared to be higher in RS neurons (Figure 2c These results suggest that LTB and RS neurons respond differently to CRF, likely through different CRF receptors. Given that sustained steady-state currents typically involve slowly-inactivating voltage-gated ion channels including HCN channels (Biel et al, 2009; Giesbrecht et al, 2010; Qiu et al, 2005) , these results also suggest differential coupling mechanisms of CRF signaling to ion channels in LTB and RS neurons. Thus, LTB and RS neurons may undergo different membrane adaptations following drug exposure and withdrawal. We therefore examined and compared these two types of CeA neurons for their cocaine-induced cellular adaptations.
To examine the effect of short-term exposure to cocaine, we trained the rats with a 5-day cocaine SA procedure (0.75 mg/kg/infusion Â 6 h/day Â 5 days), through which animals acquired active cocaine taking (Figure 3a) . On withdrawal day 1 (animals were 41-44 days old), we measured the membrane excitability of LTB and RS neurons by recording evoked APs, as established previously (Dong et al, 2006; Ishikawa et al, 2009; Mu et al, 2010) . LTB and RS neurons exhibited significant but opposing adaptations. Compared with saline controls, the membrane excitability was increased in LTB neurons (F (1,282) ¼ 6.61; Po0.05, Cohen's d ¼ 0.34; animal-based statistics, F (1,72) ¼ 5.28, Po0.05) (Figure 3b and d (Figure 3f and h) . Accompanying the increased membrane excitability of LTB neurons, there was a decrease of the rheobase current, defined as the minimal current necessary to produce an AP (t (47) ¼ 2.71, Po0.01; Table 1 ). On the other hand, upon hyperpolarizing current injections, LTB but not RS neurons from cocaine-exposed rats exhibited significantly larger membrane potential drops than that of the control group (LTB, F (1,180) ¼ 5.52, Po0.05; RS, F (1,212) ¼ 0.85, P ¼ 0.36; Figure 3c ), suggesting greater membrane resistance. In addition, in RS neurons the hyperpolarization-induced depolarization (sag) was significantly decreased in the cocaine group (t (52) ¼ 2.74, Po0.01; Figure 3g ; Table 1 ), a change not observed in LTB neurons (t (45) ¼ 0.35, P ¼ 0.73). This reduction in the 'sag' may contribute to cocaine-induced decrease in AP firing in RS neurons by reducing the depolarizing drive toward the AP threshold following membrane repolarization. No significant changes in the AP threshold (Table 1) or the % of RS/LTB neurons were detected (Figure 3e ). These results suggest that exposure to cocaine may differentially affect the membrane properties of LTB and RS neurons at both depolarizing and hyperpolarizing potentials.
To examine whether these cocaine-induced membrane adaptations were long-lasting, separate groups of rats received the same cocaine procedure but with 21-day Abbreviations: AHP, after hyperpolarization; AP, action potential; Ri, input resistance; RMP, resting membrane potential. Sag amplitude was measured at À 200 pA current injections as shown in Figure 1f . *Po0.05; **Po0.01. Figure 2 Low-threshold bursting (LTB) and regular spiking (RS) neurons in the central nucleus of the amygdala (CeA) respond differently to corticotrophin-releasing factor (CRF). (a) Examples (a1-3) and summaries (a4) showing that in LTB neurons the steady-state currents from the ramp ( À 100 mV to À 55 mV) recording was enhanced by application of CRF (30 nM); this effect was prevented by pre-application of CRF receptor 1-selective antagonist NBI 27914 (NBI; 500 nM), but not CRF receptor 2-seletive antagonist astressin 2B (astressin; 100 nM). (b) Examples (b1-3) and summaries (b4) showing that the steady-state currents in RS neurons were enhanced by application of CRF; this effect was prevented by pre-application of astressin but not NBI. (c) Examples (c1-3) and summaries (c4, 5) showing that I h currents in LTB neurons were enhanced by application of CRF, and this effect was prevented by pre-application of NBI, but not astressin. Inward currents (c1-3 middle) were evoked by voltage steps ( À 65 to À 115 mV with an increment of 10 mV; c1-3 upper). The amplitudes of I h currents (c1-3 bottom) were assessed as the amplitude differences between the steady-state currents (indicated by arrows) and the initial phases of the currents (horizontal bar). The effects of CRF and antagonists were assessed using the I h current evoked at À 115 mV (c5). (d) Examples and summaries showing that I h currents were not affected by application of CRF. Tetrodotoxin (TTX; 1 mM) was present throughout CRF application. *Po0.05; **Po0.01.
withdrawal (Figure 4a ). At this withdrawal time point (animals were 61-64 days old), a trend toward increase in the membrane excitability was still present in LTB neurons (F (1,348) ¼ 3.47; P ¼ 0.07; Figure 4b and d), whereas the decrease in the membrane excitability of RS neurons disappeared entirely (F (1,294) ¼ 0.06; P ¼ 0.81; Figure 4f and h). (Figure 4c and g). Furthermore, no significant changes in the rheobase current, AP threshold, or the % of RS/LTB neurons were detected (Table 1 ; Figure 4e ). Thus, following short-term exposure to cocaine, both LTB and RS neurons underwent membrane adaptations, but these changes were restored or reversed over long-term withdrawal. Short-term and long-term cocaine experiences produce very different behavioral and cellular consequences. In animal models, several addiction-characteristic behaviors, such as compulsive cocaine seeking (Deroche-Gamonet et al, 2004; Vanderschuren and Everitt, 2004) and escalation of cocaine taking (Ahmed and Koob, 1998) , are only induced by extended cocaine use. Moreover, cocaineinduced negative or opponent affective states are often transient following short-term or low doses of exposure but become persistent after extended exposure (Kenny et al, 2003; Markou and Koob, 1991) . We thus asked whether cocaine-induced membrane adaptations in CeA neurons may stabilize upon extended exposure to cocaine. To test this, we employed a 21-day cocaine SA procedure, through which animals exhibited the characteristic escalating cocaine taking (Figure 5a ). After 21 days of withdrawal, LTB neurons exhibited lower threshold for AP initiation (t (29) ¼ 2.10; Po0.05; Figure 5c ; Table 1 ) and enhanced membrane excitability in cocaine-exposed animals than in saline controls (F (1,174) ¼ 4.24; Po0.05; Figure 5b and d) . No significant changes were detected in the membrane resistance of LTB neurons (t (29) ¼ 0.21; P ¼ 0.83), suggesting that long-term and short-term cocaine exposure enhances membrane excitability via different mechanisms. In RS neurons, no significant changes were detected in the membrane excitability (F (1,144) ¼ 0.69, P ¼ 0.41), although a trend toward decrease was observed (Figure 5h ). This trend, even if it holds as a real effect, is rather small (Cohen's d ¼ 0.17), and thus was not pursued further. RS neurons also exhibited significantly enhanced AHP following AP firing in the cocaine group (t (24) ¼ 2.09, Po0.05; Figure 5g) , which has been shown in various circumstances to dampen the membrane excitability (Mu et al, 2010; Oh et al, 2003; Saar et al, 1998) . Collectively, the changes in the membrane excitability of CeA neurons were apparently more long-lasting after extended exposure to cocaine.
DISCUSSION
Aiming to explore the cellular mechanisms underlying longlasting negative affective state during cocaine withdrawal, the present study focuses on LTB and RS neurons, the two major neuronal types in the CeA. Our results show that LTB and RS neurons exhibited transient adaptations in membrane excitability following short-term exposure to cocaine, and some of these adaptations became persistent following extended exposure. These results suggest that the membrane properties of CeA neurons can be targeted by drugs of abuse to produce long-lasting cellular and behavioral alterations. 
Differential Effects of Cocaine on Different CeA Neurons
Despite considerable cytochemical and morphological similarities (Chieng et al, 2006) , LTB and RS CeA neurons are distinctly different from each other for their membrane properties and cellular responses to CRF signaling. They also exhibited opposite cocaine-induced membrane adaptations. Anatomically, the CeA receives inputs from the thalamus and lateral hypothalamus, in addition to intra-amygdala projections, and projects mainly to the hypothalamus and brain stem (Jolkkonen and Pitkanen, 1998; Tokita et al, 2010) . Although it is tempting to speculate that these two types of neurons relay different afferent/efferent projections, supporting evidence is lacking. Nonetheless, the different effects of cocaine on these two major types of CeA neurons suggest different roles for these neurons in cocaine-induced emotional and motivational responses. In addition to the well-established role of CeA in the opponent-process of cocaine action, increasing evidence suggests that the CeA also contributes to the positive reinforcing effect of drugs of abuse, such that infusion of amphetamine directly into the CeA produces a conditioned place preference (O'Dell et al, 1999) . A parsimonious interpretation of these dual roles of CeA is that two different types of neurons in the CeA are differentially involved.
Short-Term vs Extended Exposure
It is worth noting that the short-term and long-term cocaine exposure experiments cover the age range of BPND 35 (start training) through BPND 56 (finish), during which there may be a transition from adolescence to young adulthood with accompanying differences in the vulnerability to psychostimulants. Nevertheless, extensive evidence suggests that the duration of exposure is a critical factor for drugs of abuse to induce the addictive state. This is exemplified in a seminal study in which experimental animals exhibited escalating cocaine intake only after a prolonged, but not short, period of extended access to cocaine, and this escalation persists throughout long-term withdrawal (Ahmed and Koob, 1998) . Escalation of cocaine intake, which is to some extent similar to the binge intake of cocaine in human addicts, can be interpreted at the behavioral and theoretical levels as a result of an integration of progressive decreases in primary rewarding effect of drugs and increases in negative affect (Koob and Le Moal, 2008) . Under this scenario, brain regions mediating reward as well as those mediating negative affect processing may have undergone adaptive changes following prolonged cocaine use. Whereas several important prolonged exposure-specific adaptations have been identified in the reward pathway (Wolf, 2010) , identification of the counterparts in brain regions associated with negative affects has just started. One candidate mechanism is the CeA CRF system, which is hypothesized to mediate negative affects during drug withdrawal (Koob, 2009 (Koob, , 2010 Koob and Zorrilla, 2010) . Specifically, CRF is increased in CeA following extended but not short-term access to cocaine (Zorrilla et al, 2012) , and blocking CeA CRF signaling by CRF receptor antagonists blocks excessive drug intake (Funk et al, 2006; Koob, 2009 ). When applied acutely, CRF enhances the membrane excitability of neurons both in the hippocampus and in the basal lateral amygdala (Aldenhoff et al, 1983; Blank et al, 2003; Giesbrecht et al, 2010) , and similar effect was observed in CeA neurons (Figure 2) . Notably, CeA LTB neurons, which showed significantly larger CRF responsiveness than RS neurons (Figure 2) , also showed more persistent changes in the membrane excitability following extended cocaine exposure ( Figure 5 ).
Without distinguishing neuronal types, a previous study shows that during cocaine withdrawal CRF-induced potentiation of excitatory synaptic transmission to CeA neurons is enhanced (Pollandt et al, 2006) , an effect that may result in upregulation of glutamate receptors (Lu et al, 2005; Pollandt et al, 2006) . This effect, if concurrent with enhanced membrane excitability on CeA LTB neurons, would predict increased CeA activity during cocaine withdrawal. This prediction is partially supported by recent imaging studies showing increased amygdala activity upon cocaine-associated cues in chronic cocaine users but not in naive controls (Childress et al, 1999; Grant et al, 1996) . The resolution of these studies, however, cannot readily separate CeA from other amygdala subregions, leaving this intriguing possibility unchecked.
In summary, long-lasting changes in the membrane properties of CeA neurons following prolonged exposure to cocaine may represent a distinct set of drug-induced adaptations that mediate the development of negative affective states in drug withdrawal.
